ABSTRACT Along with the advances of virtual reality (VR) technologies, VR applications are found in various fields. For example, at many major exhibitions, VR is used to mimic the real world through utilizing a number of on-spot sensory equipment to provide immersive user experiences. Despite the advantages that VR brings, the enormous amount of distributed VR videos and the high density of VR users may impose a heavy burden on base stations. On the other hand, the quality of experience (QoE) may seriously suffer from the transmission delay and monetary costs of VR videos. To address the above issues, a D2D-assisted VR video distribution system is designed, and a pre-caching algorithm based on QoE gain is proposed. More specifically, by observing the user residence time at a given node, a user can pre-cache VR videos at the nodes to be visited for improved QoE. To achieve better veracity and efficiency of the pre-caching algorithm, the probability of a user entering each node is calculated based on that user's interest and nodes' popularity. Furthermore, the set of candidate schemes can be greatly narrowed down to a range of feasible schemes according to the real-time popularity threshold, the available storage space, and the energy of the user's equipment. The scheme with maximized user's QoE can finally be selected from the candidate sets according to user's QoE gain. Numerical results show that our proposed pre-caching algorithm improves the level of user's QoE while maintaining superior stability compared with the random-caching and greedy-caching algorithms.
I. INTRODUCTION
In the recent years, smartphones and wearable devices are used pervasively. With the rapid development of Mobile Internet and Internet of Things, in the next two decades the number of smart devices will be over a trillion, and the demand for mobile data traffic is expected to increase by over ten thousand times [1] . Wireless Communication Systems need to provide better stability, greater coverage, higher data rates and lower delay communication services for many applications of Intelligent Living, such as Smart City, Telemedicine and Intelligent Vehicle. Due to the shortage of available spectrum resources and the limited capabilities of base stations, how to provide better communication services with limited resources is an urgent problem to solve.
Recently, D2D (device-to-device) technology has been extensively and thoroughly researched to enable users to communicate directly [2] , [3] . D2D communication supports multiplex cellular communication spectrum, allowing mobile devices in close proximity to communicate directly without the help of a base station once the D2D link is established [1] . D2D communication features high data rates, low delay, low energy consumption, high bandwidth efficiency and high throughput, hence reducing the workload of base stations and the core network [4] . With these advantages, D2D communication technology received much attention from researchers in the field of file distribution and caching, and subsequently had significant advancement in the past few years [5] - [9] .
According to the statistics [10] , 70% of mobile data traffic in 2016 was generated by video transmissions. With the advances and popularity of wireless VR technology, devices and applications in the near future, a significant increase of VR video demand will be expected. At present, VR technology has already been used in various fields, such as multimedia entertainment, computer gaming, online education and medical [11] . In this paper, our research focuses on how VR videos can be distributed to all users in an efficient manner so as to maximize the overall system's efficiency and user's QoE.
Consider a scenario of a museum where each exhibition booth is equipped and configured with a D2D gateway that is prepared with VR videos about the booth's exhibits. For better experience and interaction, users can stream these VR videos on their wireless VR devices through the D2D connections to the gateways. To ensure the quality of experience, these VR videos are preferred to be high-quality and high-definition, and therefore typically come with large file sizes. As a result, users may have to wait a significant amount of time for downloading before watching the videos, which may lead to degraded user QoE. To tackle this problem and improve the quality of user experience, we designed a D2D assisted VR video distribution system and proposed a pre-caching algorithm for enhancing user's QoE. The main contributions of this work are summarized as follows.
• A D2D assisted VR video distribution system is designed. With the advantage of supporting high data rate and traffic offloading of D2D communication, the proposed system dramatically improves spectral efficiency, and reduces the burden of base station and the transmission delay of video distribution.
• The veracity and efficiency of the pre-caching algorithm is improved through calculating the probability of user entering each node with the consideration of user interest and node popularity.
• The metric of user QoE gain is proposed to measure the QoE improvement in this video distribution system. The optimization of user QoE gain is modeled by considering the access probability and the limit of available storage space and energy.
• To maximize the user QoE gain, the pre-caching algorithm based on QoE gain is proposed. By exploiting the residence time at a given node, a user can pre-cache VR videos at the nodes to be visited in the future to improve QoE. The rest of this paper is organized as follows. The related works are introduced in Section II. The design of the D2D-assisted VR video distribution system is presented in Section III. The access probability of node is calculated and explained in Section IV. Section V introduces the pre-caching algorithm based on QoE gain. Simulation results are analyzed in Section VI. Lastly, the conclusion is given in Section VII.
II. RELATED WORK
To reduce the workload of base stations, improve the data rate and stability of file distribution, and enhance user QoE, many research activities and products in recent years have focused on D2D and files or videos distribution.
In fact, a large number of studies have confirmed that the social relationships between users have a significant impact on the performance of wireless communications [12] , [13] . In [14] , the D2D communication links are built within each group by fully considering the social relationships and trust degrees among users, and consequently the Cluster-head with the largest social degree can improve the user QoE. The trust-oriented partner selection mechanism (TPSM), proposed in [15] , can avoid choosing those users with noncooperative behavior. Aiming at the multi-dimensional trust relationships between sending users and cooperative users, the latter are classified into three categories by combining the decision-theoretic rough sets based on Naive Bayes, and the appropriate assisted node are selected according to the specific scene. In [16] , with the consideration of their mobility and social characteristics, the users are classified into multicast and core types by studying their residence probability and familiarity. Core users assist the base station to provide video distribution services for multicast request users. With the consideration of user selfishness and possible countermeasure against its negative impact on user contribution, a stackelberg game-based pricing mechanism is proposed. A scheme named cooperative content downloadand-share (CoCoDaS) is proposed in [17] , in which the users interested in the same content cooperatively download the content from the base station and share their downloaded segments with one another via D2D communications. The proposed schemes in the above literature have considered the selfishness and social relationship of the assisted nodes and therefore are capable of avoiding negative cooperative behavior among nodes and improving the efficiency, stability and security of file distribution.
The features of D2D links and device contact pattern also impact the performance of D2D content distribution system as [18] and [19] has devoted to the research of this direction. In [18] , the content caching probability and hit rate are derived through mathematical analysis, and a locality-based caching policy is designed by considering the joint impact of real-world mobile data traffic and device contact pattern, both of which help improve the successful rate of content receiving. In [19] , with the consideration of user mobility and the time-varying property of wireless links, the success rate for content downloading and repairing in D2D-assisted networks is accordingly evaluated by analyzing statistic social interaction information for potential D2D links. And a hierarchical bipartite method is proposed to reduce the overall system transmission cost.
A distributed media service scheme based on QoE models and a resource allocation algorithm based on the popularity function are proposed in [20] with the goal of avoiding the influence of D2D interference and improving the overall users' QoE satisfaction. To tackle the problem of video quality and smoothness downgrades due to unsatisfactory D2D link quality, a QoE-aware resource allocation scheme for adaptive D2D video streaming is proposed in [21] , aiming to tailor user experience in adaptive video steaming.
To improve the user's quality of experience, researchers have made significant effort and contributions in optimizing the performance of various aspects of D2D content distribution. Nonetheless, users would still typically expect noticeable delay on receiving data regardless the speed of data transmission via the D2D links. By exploiting the residence time of users, any user can pre-cache the files on-demand to user's device through the D2D link, dramatically improving VOLUME 6, 2018 user's QoE. To solve the map loading problem in mobile cloud gaming in D2D networks, sharing smart map and preloading scheme is proposed in [22] . The proposed scheme can greatly improve user's QoE as user can preload the maps possibly from nearby mobile users via D2D links, or from the base station via cellular networks. Inspired by the advantages of the pre-caching mechanism, this paper proposed a D2D-assisted VR video distribution system, followed by introducing a pre-caching algorithm, where the influence of the node's popularity and the user's interest on the node or path selection is considered to ensure the efficiency and accuracy of file distribution.
III. SYSTEM MODEL
In this section, the background of the D2D-assisted VR video distribution system is presented, followed by the introduction of the architecture of the proposed system, including the components of the system and components' function.
A. SYSTEM OVERVIEW
This system is designed for VR video distribution at public environment, where VR videos are distributed to users rapidly and steadily through high speed D2D links. As an example, each booth in a museum can be configured with a D2D gateway which stores the VR videos about the exhibits at the booth. User can use their wireless VR devices to watch VR videos downloaded from the D2D gateway via D2D links for enhanced and interactive browsing and visiting experience. The proposed system can significantly reduce the download duration by taking the advantage of high speed D2D communication. Such connections features short-range communication and traffic offloading, helping to relieve the burden of base stations and reduce the energy consumption for data transmission.
Despite the high date transmission speed offered by D2D links, due to the large size of high quality VR videos, downloading such videos still consumes noticeable time that may negatively impact user experience. Furthermore, establishing D2D links between gateways and devices may become difficult and established links may be unstable when simultaneously serving too many users. As a result, file requests may fail and download data rate may reduce, further degrading user QoE.
At a museum booth, an interested user typically would typically spend time watching the relevant VR video(s) after the corresponding downloads, which leads to a residence time at the current node before move on to the next. To resolve the aforementioned user QoE problems, we propose a pre-caching algorithm that exploits the residence time of users and pre-caches VR videos of the nodes that may be visited in the near future.
Assisted with the proposed pre-cached mechanism, users can begin to watch the videos at the next node immediately upon arrival. Nonetheless, this is based on an assumption that an optimized prediction of the nodes to be visited can be made. With this goal, our proposed pre-caching algorithm aims to search for the pre-caching scheme based on QoE gain associated with an optimized prediction of node visits based on user interests and node popularity.
B. SYSTEM ARCHITECTURE
We suppose a signal-cell system where D2D users share uplink resource with other cellular users. As shown in Fig 1, the D2D-assisted VR video distribution system is comprised of a base station, N D2D gateways and M users with wireless VR devices. Let G = {g 1 , g 2 , . . . , g N } denotes the set of all D2D gateways, and U = {u 1 , u 2 , . . . , u M } denotes the set of all users with wireless VR devices. Both D2D gateways and wireless VR devices have the ability of D2D communication.
D2D gateway is a communication device or femtocell with the ability of D2D communication, and with satisfactory ability of computing and storage. D2D gateways are distributed at each booth, and are mainly responsible for file storage, user information collection and executing the pre-caching algorithm. In the proposed system, the VR videos of the current and nearby exhibit booths are all stored in current D2D gateway. The wireless VR device plays the VR video(s) downloaded from the D2D gateway, and serving as the center controller of the system, a base station is responsible for the overall information coordination and scheduling. In the proposed system, D2D gateway replaces user's devices to complete the tasks of computing and storage, and base station is therefore released from the above tasks and is only responsible for the auxiliary tasks. Apparently, the proposed system reduces the performance requirement of user devices and the burden of the base station.
The grid-based clustering method is used in this system [16] , and for each D2D communication cluster, the D2D gateway serves as the cluster head and users are the members. The information of the members, such as device ID and user's interest, is collected by the D2D gateway. In addition to collecting the information of users' device, the D2D gateway also needs to record the state information of the cluster, such as the number of members, the residence time of members, among others. The D2D gateway sends the collected information to the base station through cellular links, and the base station aggregates all the information received and broadcasts it to all D2D gateways. When a user initiates a service request, the local D2D gateway can promptly find the optimal pre-caching scheme for that user based on consolidated information, then send the requested VR video to the requester's device through D2D link.
IV. ACCESS PROBABILITY
A museum may host a variety of exhibits and a visitor may choose his/her own path based on the popularity of the exhibits and the visitor's/user's own interests, the consideration of which is therefore important in the proposed pre-caching algorithm due to its direct impact to the user QoE. Following this direction, the user access probability, the key factor of the proposed pre-caching algorithm, can then be calculated using quantified user interest and node popularity for improved reliability of the proposed algorithm. Node popularity has two types: historical and real-time, with the former representing the overall ability of attracting users and the latter indicating the current engagement level. A higher engagement level is due to simultaneous connections and activities between the node and many user devices, where pre-caching should be avoided. With the consideration of both historical popularity and real-time popularity, the accuracy and performance of the proposed pre-caching algorithm can be improved.
A. NODE's POPULARITY
Node's popularity reflects the degree at which the corresponding node is popular to users. Here we focus on the historical popularity and the real-time popularity will be discussed later. Statistically speaking, a typical user prefers to visit the nodes with high popularity, hence the access probability of user can be predicted using the node's historical popularity without considering individual user interest, which is later discussed in a designated section.
Let G = {g 1 , g 2 , . . . , g N } denotes the set of D2D gateways, and U = {u 1 , u 2 , . . . , u M } denotes the set of users. N and M are the number of D2D gateways and users, respectively. In the past time T , the set of users served by the node g n ∈ G is U g n , the residence time of user u i in node g n is denoted by T g n u i . Therefore the total amount of time T g n that users consume in g n ∈ G is denoted as:
The total residence time T g n reflects the popularity of node g n , which plays an important role in the calculation of the access probability. It is common that a user may pass many nodes with no actual visit, and the associated residence time, though being short, should not contribute to the calculation of total node residence time or node popularity. This can be controlled using residence time threshold T th , thus the expression of the total residence time T g n can be logically updated as:
Typically, the longer a user stays at a node, the stronger interest the user may have in the node. Following this notion, node's popularity has a linear relation with T g n . Hence, the historical popularity of g n can be denoted by H g n with the following expression as a ratio of time:
Take (2) into (3), the historical popularity then becomes:
The historical popularity H g n is characterized by the ratio of all users' residence time at that node, which reflects the popularity of the node in the user base to some extent. The higher the historical popularity of a node, the greater the probability that the user will access the node in the future. Therefore, the historical popularity of nodes is an important contributing factor of the user's access probability.
B. USER's INTEREST
Different users show different interest in different exhibits. For example, typically male users may be more interested in cutting-edge technology products, while female users may be more interested in art and clothing. The proposed precaching scheme is greatly influenced by the difference of interest between male and female users. To improve the accuracy of the pre-caching algorithm, the access probability is calculated with the consideration of user's interest.
The user's interest in each node can be scored based on the user's interest before entering the exhibition, which derives from user's characteristics and behavior. There has already been a significant amount of research on calculating user's interest, which is not the focus of this paper, and therefore is not elaborated. Let q u m ,g n denotes the value of the interest about node g n for user u m , so the user interest matrix Q is denoted as follows:
Where u m ∈ U , g n ∈ G, q u m ,g n ∈ [0, 1], N and M are the number of nodes and users, respectively.
C. ACCESS PROBABILITY
Access probability of a user to a node can be more accurately calculated with the consideration of the node's historical popularity, real-time popularity and the user's interest. It is not uncommon that certain nodes are swamped by a large number of users with excessive real-time popularity, overwhelming the D2D gateway, congesting data transmissions, degrading D2D connectivity, and dramatically reducing user QoE at the node. As a consequence, users tend to proactively avoid nodes with excessive real-time popularity, either abandoning or delaying access to the node. With consideration of the threshold of node's real-time popularity, the proposed system can screen out the nodes with excessive real-time popularity from the adjacent nodes, resulting a low or grounded probability of user access to the node.
Assuming that the next node visited by the user is bound to be adjacent to the current node, and the user cannot skip the adjacent node and access other nodes. Therefore, the calculation of access probability only needs to consider the set of adjacent nodes of the current node. Different from the denotation of historical popularity H g n , the real-time popularity is mainly decided by the number of users being serving by current node. Let U l g n denotes the set of users that are being served by the node g n , and |U l g n | is the user number of the set U l g n . The set of adjacent nodes of node g n is denoted by G ⊂ G, |G | is the number of nodes of set G , and the max number of users that node g n can serve is N th g n . To avoid congestion or overload work of D2D gateway, each node g n ∈ G must satisfy the condition |U l g n | < N th g n . Hence, the real-time popularity factor C g n can be denoted as follows:
Matrix P denotes the access probability matrix for M users and |G | adjacent nodes, the probability of user u m ∈ U visiting node g n ∈ G is denoted by p u m ,g n .
H g n is the relative historical popularity of g n ∈ G , which is expressed in (9) . The weight factors of node's popularity and user's interest are α and β respectively. Where H g n ∈ [0, 1], α + β = 1.
From (6), (8) and (9), p u m ,g n can be written as follow:
Apparently, p u m ,g n ∈ [0, 1]. The access probability p u m ,g n represents the probability of user u m visiting node g n , which also reflects the ability of node g n to attract users. With consideration of node's historical popularity, real-time popularity and user's interest, the access probability can be calculated more precisely, and it will play a key role in the pre-caching algorithm based on QoE gain.
V. PRE-CACAHING ALGORITHM BASED ON USER's QOE GAIN
In the previous section, we calculated the access probability of user by considering the node's popularity and user's interest. The metric user's QoE gain is proposed in this section, which is used as an index for judging pre-caching scheme, and the access probability is used in the calculation of user's QoE gain. Additionally, we model the optimization of user's QOE gain, and propose the pre-caching algorithm based on user's QoE gain.
A. USER's QoE GAIN
As shown in section IV, we can calculate the access probability of a user for each node according to node's historical popularity, real-time popularity and the user's interest. With the consideration of access probability, the optimal precaching scheme can be found to improve the user's QoE. However, the probability that the user accesses each node is different, and the benefit through pre-caching each node's video for improving user's QoE is also different. In addition to the above, there is difference in the cost of time, storage space and energy for pre-caching each node's video. Hence, the metric user's QoE gain is proposed to globally consider the performance of pre-caching scheme.
By exploiting the residence time of user for a give node, user can pre-cache VR videos of the nodes that will be visited in the future, such that the time of downloading can be reduced or minimized when user visits the next node. The access probability is calculated by considering the node's popularity and user's interest, along with which the user's QoE gain is decided by the time saved by pre-caching and node's ability of attracting user, denoted by node's popularity and user's interest.
The VR video size of node g n ∈ G is S g n , and the data rate of D2D link is r D . Hence, if the videos of node g n have been pre-cached, when user u m visits node g n , the download time saved by user u m can be denoted by S g n /r D . If the probability of user accessing a node is greater, the node's ability to attract users is then stronger. Therefore, the ability of node g n for attracting user u m can be directly denoted by the access probability p u m ,g n . The QoE gain Gain g n of user u m caused by pre-caching the videos of node g n can be then written as follows:
In the above formula, λ and µ are the weight coefficients of the saved time and the ability of attracting users respectively.
As it is not certain which node will actually be visited by the user, to improve the hit rate of pre-caching, it should precache VR videos of multiple nodes with limited time, energy and storage space. The set of user's nearby nodes is denoted by G ⊂ {g 1 , g 2 , . . . . ., g N }, and L ⊆ G denotes the set of nodes whose videos will be pre-cached by user u m . Therefore, the user's QoE gain Gain provided by pre-caching the video of g n ∈ L can be denoted as follows:
Although the hit rate of pre-caching can be improved by precaching videos of multiple nodes, it cannot be concluded that the more video pre-cached, the more QoE gain can be achieved. Extending the pre-cache nodes set L will increase the energy consumption of the user devices, and the limited storage space on the user devices would not allow the system to continuously pre-cache videos. The goal is to maximize the benefits of pre-caching with limited energy and storage space. The key to this challenge is to find a suitable pre-cache nodes set L. The energy of a user device is consumed during the progress of video pre-caching. To ensure that user's QoE is not compromised, after downloading all videos of node g n ∈ L, the residual energy ratio ϕ m of the device of user u m should be greater than the residual energy ratio threshold ϕ th . According to the radio energy dissipation model proposed in [23] , the energy expended by receiving n bit message can be written as: E r (n) = nE elec (13) Different from that of the transmitter, the power consumption of the receiver is mainly caused by the loss of the circuit, where E elec is the circuit loss constant. Let E m denotes the residual energy of user u m , E max m denotes the battery capacity of user's device. Subsequently the pre-cache nodes set L should meet the following condition: (14) In addition to the above, because the storage space of the user's device is limited, the pre-cache nodes set L should also meet the constraints shown in (15) (15) It can be seen from (12) that the user experience gain is mainly determined by the video size, the D2D transmission rate, and the access probability. When the D2D data rate and access probability are constant, the larger the pre-cached video file size is, the more time the user saves when accessing the next node and the greater the gain achieved. From (14) and (15), it can be seen that the amount of data that the user can receive is limited. Therefore, the user's access probability is the most important factor affecting the gain. If greedy methods are used, a better pre-caching scheme can be obtained. Sort the nodes in the set L according to the access probability p u m ,g n , and then the video of g n ∈ L is pre-cached in descending order of access probability p u m ,g n , until the user leaves or the available energy and space are exhausted. However, this method is not suitable because the gain can easily be affected by the size of a single video file.
Different pre-caching schemes can bring different user experience gains. To ensure the quality of service experience of users and optimize system utility, the most appropriate pre-caching nodes set L needs to be selected. Therefore, the problem of maximizing the QoE gain of users can be expressed as:
Because of the difference of interest in nodes for each user, and each node with different popularity, the D2D gateway needs the overall information of the system to calculate the access probability and find out the optimal pre-caching scheme. Hence, the D2D gateway uploads the state information of itself to the base station and downloads the overall information from it periodically. With the help of overall information of system, the veracity and efficiency of precaching algorithm can be improved dramatically.
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As addressed in the above section, the hit rate of precaching algorithm can be improved by pre-caching videos of multiple nodes with the limited time, energy and storage space. Assume that the user's device has sufficient energy, so the research can focus on the relationship between available storage space and optimal pre-caching scheme L. Those nodes of set G satisfy the condition |U l g n | < N th g n from the set G . |G | is the number of nodes of set G . L is the nodes set that the user's QoE gain can be maximized by pre-caching videos of those nodes, and consequently L is the optimal pre-caching scheme. |L| is the number of nodes of set L. With the limit of available storage space, to increase the number of videos to be pre-cached, users may attempt to preferentially pre-cache the videos of the nodes with smaller video size. At first, we sort the nodes of G in decreasing order based on video size S g n . g n denotes the n-th node of set G , and k n=1 S g n is the total video size of the first k nodes in set G . Then the set G is traversed and if there is a k that satisfies (17) , the number of nodes of set L will not be greater than k, i.e. |L| ≤ k. All the pre-caching schemes whose number of nodes are larger than k will not be considered. This can significantly reduce the search scope of a feasible solution, and the workload of pre-caching algorithm will be reduced greatly. Algorithm 1 is the pre-caching algorithm based on QoE gain. When user u m accesses node g n and initiates a VR service request, the D2D gateway checks whether the user's device has cached the required VR videos. With a negative result, D2D gateway transmits the videos required by user u m to user's device followed by starting the pre-caching service. On the other hand, with a positive result, the D2D gateway starts the pre-caching service immediately.
The algorithm execution process is as follows:
Step 1: By traversing the nearby nodes set G of user u m , the D2D gateway finds all nodes g n ∈ G satisfying the condition |U l g n | < N th g n to form the set G ⊆ G .
Step 2: D2D gateway sorts the nodes of G in decreasing order based on video size S g n .
Step 3: According to (17) , the allowed maximum number of nodes of set L, i.e. k, is calculated.
Step 4: The optimal scheme is found according to (12) and (16) . L is the set of pre-caching nodes in the optimal scheme, and user's QoE gain can be maximized by pre-caching the node's video of set L.
In Step 1, the nodes with excessive real-time popularity are eliminated, which may cause the degradation of user's QoE. The workload of the pre-caching algorithm may significantly be reduced due to the shrinking of the candidate set. In steps 2 and 3, the max number of nodes of set L is calculated by considering the limit of available storage space, and it also reduces the burden of calculation so that the D2D gateway can find the optimal scheme effortlessly. Finally, the D2D gateway finds the optimal scheme according to the overall information of the system, and transmits the videos of nodes in L to the user. Consequently, there is no need for the user to download the video when the user visits the next node, dramatically improving the user's QoE.
VI. NUMERICAL RESULTS AND PERFORMANCE ANALYSIS
In this section, we reveal and analyze the performance of the pre-caching algorithm based on user's QoE gain by running simulations with MATLAB. When the user enters the museum, the nearby D2D gateway guides the user to access the corresponding D2D communication cluster, and provides the VR video transmission services. Since the pre-caching algorithm equally treats every user and every D2D gateway, the discussion here only focuses on the pre-caching algorithm for a user at the given node. The performance of proposed algorithm is analyzed by comparing to other algorithms.
A. EXPERIMENTAL SETUP
The experimental setup is identical for the proposed algorithm and other comparison algorithms, and the parameters adopted for simulation are summarized in Table 1 . It is assumed that all D2D links have the same transmission rate as the focus of this article is on the user's QoE gain. In the following simulation and results, Algorithm 1 is the proposed pre-caching algorithm based on QoE gain. Algorithm 2 is greedy algorithm based on access probability which sequentially pre-caches the video of the nodes based on decreasing order of the access popularity. Algorithm 3 randomly pre-caches the videos of the nodes until the available storage space is used up. Algorithm 4 selects node to access based on access probability without pre-caching. To reveal the performance of proposed algorithm, we mainly compared the performance of four algorithms in respect of user's QoE gain and the ability of attracting users of nodes in set L. The ability of attracting users of node is named node's attraction, which can be denoted as follows:
B. PERFORMANCE ANALYZE
User's QoE gain reflects the improvement of the quality of user's experience brought by pre-caching videos, and higher QoE gain implies higher user satisfaction. The ability of attracting users of a node (i.e. node's attraction) is denoted by the access probability, which reflects the degree of user's interest about the node. If user has a high interest in the nodes in L, the user's QoE will be improved greatly by pre-caching the videos of nodes in L. In other words, user's interest greatly impacts the efficiency of the pre-caching algorithm. As shown in Fig 2 (a) and Fig 2 (b) , with the increase of storage space, the QoE gain and node's attraction of the four algorithms are improved with varied degrees, and the performance of Algorithm 1 is consistently better than that of other algorithms. Obviously, the performance of Algorithm 2 is vastly superior to that of Algorithm 3, due to the reason that the access probability is a key factor for calculating QoE gain and node's attraction. Algorithm 2 pre-caches videos with the consideration of access probability while Algorithm 3 does it randomly. As previously discussed in section V, with limited storage space, Algorithm 2 is inferior to Algorithm 1 which is based on user's QoE gain.
The performance of four algorithms is improved with the increasing of storage space. Note that the performance of Algorithm 1 increases steadily and significantly, while the performance of other algorithms rises only slightly with high volatility .  Fig 3 (a) and Fig 3 (b) show the relationship of the performance of four algorithms and the number of nodes with excessive real-time popularity. With the increase of the number of nodes with excessive real-time popularity, the performance of four algorithms decreases at various levels. From  Fig 3 (a) and Fig 3 (b) , it can be seen that Algorithm 1's performance declines smoothly and slowly, while other algorithms' performance drops dramatically. As a matter fact, in the nodes with excessive value of real-time popularity, there may exist congestion, and even certain users cannot establish D2D links between devices and the D2D gateway. In Algorithm 1, nodes with excessive real-time popularity are removed from the set of nearby nodes, resulting its superior stability compared to other algorithms.
Demonstrated in the simulation and analysis, when compared to other algorithms, our proposed algorithm shows evident advantages in improving user's quality of experience. Furthermore, our proposed algorithm shows superior stability with constantly changing system environmental conditions. When the available storage space increases, the performance of our proposed algorithm improves linearly. When the number of nodes with excessive real-time popularity increases, compared to other algorithms, the performance of our algorithm is only slightly affected.
VII. CONCLUSION
In this paper, a D2D-assisted VR video distribution system is designed to improve user's QoE, and a pre-caching algorithm is proposed based on QoE gain. At exhibitions or museums, VR is able to mimic the real world by applying various on-spot sensory equipment, such that immersive user experiences can be supported. D2D communication has the characteristics of high data rate and low latency, which may shorten the time of video transmission. Furthermore, with the help of D2D communication, our system can reduce the base station's burden caused by the enormous VR video distribution and the high density user requirements. To improve the veracity and efficiency of pre-caching algorithm, we calculate the probability of the user entering each node based on users' interest and nodes' popularity. The D2D gateway finds the optimal pre-caching scheme according to the access probability and the over information of system, leading to greatly improved user's QoE. The numerical results show that, compared to other algorithms, our proposed pre-caching algorithm improves the level of user's QoE and shows superior stability. 
